In this work we use a micromechanical resonator to experimentally study small signal amplification near the onset of Duffing bistability. The device consists of a PdAu beam serving as a micromechanical resonator excited by an adjacent gate electrode. A large pump signal drives the resonator near the onset of bistability, enabling amplification of small signals in a narrow bandwidth. To first order, the amplification is inversely proportional to the frequency difference between the pump and the signal. We estimate the gain to be about 15 dB for our device. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2207490͔ Micro/nanoelectromechanical resonators play a key role in microdevices for applications such as sensing, switching, and filtering.
Since nanoscale displacement detection is highly challenging, it is desirable to implement an on-chip mechanical amplification mechanism. Previously, mechanical amplification has been achieved using parametric amplification. 15, 16 Alternatively, amplification could be achieved by using a bifurcating dynamical system. 17, 18 In this work, we employ nonlinear frequency mixing near the onset of Duffing bistability to amplify small displacement signals. We demonstrate experimentally high signal gain in this regime and compare with theoretical predictions.
The device under study is a mechanical resonator consisting of a suspended doubly clamped PdAu beam, located adjacent to a static gate electrode. An electron micrograph of the device is shown in the inset of Fig. 1 , and its dimensions are given in the figure caption.
The nonlinear dynamics of the fundamental mode of a doubly clamped beam driven by an external force per unit mass F͑t͒ can be described by a Duffing oscillator equation 19 for a single degree of freedom x,
where is the damping constant, 0 /2 is the resonance frequency of the fundamental mode, and is the cubic nonlinear constant. For small amplitudes, the nonlinearity originates from the axial stress which increases its stiffness ͑ Ͼ 0͒. 20 For higher amplitudes, however, the contribution of the applied electric force, which tends to soften the beam, becomes dominant.
Generally, for resonators driven using a bias voltage applied to a side electrode, Eq. ͑1͒ should contain additional parametric terms. 15, 21 In our case, however, the prefactors of these parametric terms are at least one order smaller below threshold and thus negligible. 
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The pump response ͉a p ͉ in the absence of any additional signal is shown in Fig. 2 , panels ͑a͒, ͑b͒, and ͑c͒. 17 Above some critical driving amplitude f c , the response becomes a multivalued function of the frequency in some finite frequency range, and the system becomes bistable with jump points in the frequency response. We refer to the onset point of bistability ͑which is also a saddle-node bifurcation point͒ as the critical point. When the pump is tuned to the critical point ͑ = ͱ 3 0 /2Q, ͉a p ͉ 2 =8/3 ͱ 3Q͒ 22 and ␦ → 0, we expect high amplification of both signal and idler. In this limit
Thus, in our model which assumes that ͉a s ͉ and ͉a i ͉ are small, and takes nonlinearity into account only to lowest order, the amplification diverges in the limit ␦ → 0. When ͉a s ͉ and ͉a i ͉ become comparable with ͉a p ͉, however, the former assumptions are no longer valid and higher order terms have to be taken into account. The pump, signal, and idler responses were calculated analytically 17 and are shown in Fig. 2 . For a small f p , the signal response is nearly Lorentzian, while for f p Ͼ f c , both signal and idler responses diverge near the jump points.
The resonators are fabricated using bulk nanomachining process together with electron beam lithography. 23 The experimental setup is shown in Fig. 1 . Measurement of mechanical vibration is done at room temperature, in situ a scanning electron microscope ͑SEM͒ where the imaging system of the microscope is employed for displacement detection. 23 The three spectral components p , s , and i of the displacement are measured using a spectrum analyzer.
A typical mechanical response is shown in Fig. 3 . The pump frequency is swept upward and then back downward. As expected, we find hysteretic response and simultaneous jumps for the pump, signal, and idler spectral components. In  Fig. 4 , the mechanical responses of the pump, signal, and idler are depicted as a function of the pump frequency p /2 and the pump ac voltage v p . For each frequency, the voltage v p is scanned from 0 to 0.5 V. The results show good agreement with theory. As expected, we observe high signal amplification near the jump points. The amplification can be quantified using a logarithmic scale as G ϵ 20 logͩͯ a s,pumpគon a s,pumpគoff ͯͪ.
͑7͒
The highest value of G, obtained near one of the jump points, is 15 dB. A comparison with theory is difficult since our model breaks down in the vicinity of the jump points as was explained above. Note, however, that this value is an underestimation of the actual gain due to the nonlinearity of our 
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Almog et al. Appl. Phys. Lett. 88, 213509 ͑2006͒ displacement detection scheme. Since the electron beam diameter is smaller than the displacement amplitude, the output signal is sublinear with respect to displacement.
In conclusion, we have shown that a Duffing micromechanical resonator, driven into the bistability regime, can be employed as a high gain narrow band mechanical amplifier. Strong classical noise squeezing is predicted theoretically for this amplification mechanism when homodyne detection is employed. This will be investigated experimentally in a future work. This work is supported by Intel Corp., by the Israel-US Binational Science Foundation ͑BSF Grant No. 2004362͒, and by Henri Gutwirth Fund. The authors wish to thank Bernard Yurke for helpful discussions.
